Abstract: Unique properties of titanium alloys (such as high strength-to-weight ratio, heat and corrosion resistance, shock resistance and erosion resistance) make them important materials in industries. However, poor machinability poses considerable problems in fabrication of components from titanium alloys. Therefore, to machine titanium alloys cost effectively still remains a challenge. In this paper, Rotary Ultrasonic Machining (RUM) of titanium alloy (Ti-6Al-4V) has been investigated. Four tools with different specifications (diamond grit size, diamond concentration and metal bond type) are used to drill holes in titanium alloy workpieces. The cutting force, surface roughness on machined holes and rods and tool wear are compared.
Introduction
Titanium is the fourth most abundant metal element in the earth's crust after aluminium, iron and magnesium (Orr, 1982) . Major applications of titanium alloys are found in aerospace (Boyer, 1996; Peacock, 1988) , chemical (Farthing, 1979) , automotive (Anonymous, 1989; Yamashita et al., 2002) , medical (Froes, 2002) and sporting goods (Yang and Liu, 1999) industries. The unique properties of titanium alloys include high strength-to-weight ratio, heat and corrosion resistance, shock resistance and erosion resistance (Aust and Niemann, 1999; Kumar, 1991) . Another advantage of titanium alloys is the ease of their recycling (Anonymous, 2005) .
Poor machinability of titanium alloys poses considerable problems in fabrication of components from them. Their low thermal conductivity leads to high cutting temperatures, and their high chemical reactivity with many tool materials leads to strong adhesion between the tool and work material. These two factors lead to rapid tool wear during machining of titanium alloys, which in turn increases the manufacturing cost (Yang and Liu, 1999) .
Many conventional and non-conventional machining processes are used for titanium alloys (Bandopadhyay et al., 2005; Fowler et al., 2005; Huber, 1973; Koenig et al., 1976; Lash and Gilgenbach, 1993; Qin et al., 2003; Tam et al., 1992; Yan and Shieh, 1992) . However, it is still desirable to develop more cost-effective machining processes for titanium alloys.
In the past, Rotary Ultrasonic Machining (RUM) was used successfully to machine various hard-to-machine materials. Table 1 summarises the reported materials that were machined by RUM. Li et al. (2004d) RUM is a hybrid machining process that combines the material removal mechanisms of diamond grinding and ultrasonic machining. Figure 1 is the schematic illustration of RUM. A rotary core drill with metal-bonded diamond abrasives is ultrasonically vibrated and fed towards the workpiece at a constant feedrate or a constant force (pressure). Coolant pumped through the core of the drill washes away the swarf, prevents jamming of the drill and keeps it cool. RUM was invented in 1964 (Legge, 1966) . The effects of control variables (rotational speed, vibration amplitude and frequency, diamond type, size and concentration, bond type, coolant type and pressure, etc.) in RUM on its performances (material removal rate, cutting force, surface roughness, etc.) have been investigated experimentally (Kubota et al., 1977; Markov and Ustinov, 1972; Markov, 1977; Petrukha, 1970; Prabhakar, 1992; Prabhakar et al., 1992; Wang and Lin, 1993) . Efforts have also been made to develop models to predict the material removal rate in RUM from control variables (Pei and Ferreira, 1998; Pei et al., 1995a-c) . This paper reports the experimental results on the tool wear, cutting force and surface roughness during RUM of a titanium alloy with four different tools. The remainder of this paper is organised as follows. The experimental conditions and procedure are described in Section 2. In Section 3, experimental results are presented and discussed. Conclusions are drawn up in Section 4.
Experimental conditions and procedure

Experimental set-up and conditions
Machining experiments were performed on a machine of Sonic Mill Series 10 (Sonic-Mill R , Albuquerque, NM, USA). The experimental setup is schematically illustrated in Figure 2 . It mainly consists of an ultrasonic spindle system, a data acquisition system and a coolant system. The ultrasonic spindle system comprises of an ultrasonic spindle, a power supply and a motor speed controller. The power supply converts 60 Hz electrical supply to high frequency (20 kHz) AC output. This is fed to the piezoelectric transducer located in the ultrasonic spindle. The ultrasonic transducer converts electrical input into mechanical vibrations. The motor attached atop the ultrasonic spindle supplies the rotational motion of the tool and different speeds can be obtained by adjusting the motor speed controller. Table 2 shows the experimental conditions. Mobilemet ® S122 water-soluble cutting oil (MSC Industrial Supply Co., Melville, NY, USA) was used as the coolant (diluted with water at 1 to 20 ratio). The workpiece material was titanium alloy (Ti-6Al-4V) provided by Boeing Company. The mechanical properties are given in Table 3 . The workpiece size was 115 × 85 × 11.94 mm. Diamond core drills were provided by N.B.R. Diamond Tool Corp. (LaGrangeville, NY, USA). The outer and inner diameters of the core drills were 9.6 and 7.8 mm, respectively. Four different tools were used. Table 4 shows their specifications. When 72 carats of diamond particles are added in 1 cubic inch of bond material then the diamond concentration is called as 100 concentration. 
Measurement procedure
During RUM, the cutting force along the feedrate direction was measured by a KISTLER 9257 dynamometer (Kistler Instrument Corp, Amherst, NY, USA). The dynamometer was mounted atop the machine table and beneath the workpiece, as shown in Figure 2 . The electrical signals from the dynamometer were transformed into numerical signals by an A/D converter. Then the numerical signals representing the cutting force were displayed and saved on the computer with the help of LabVIEW TM (Version 5.1, National Instruments, Austin, TX, USA). The sampling frequency to obtain the cutting force signals was100 Hz. The cutting force reported in this paper is the maximum cutting force on the cutting force curve.
A vernier caliper (Mitutoyo IP-65, Mitutoyo Corporation, Kanagawa, Japan) was used for measurements of the length of the core drill. The tool length was measured after each test. The axial tool wear was determined by the difference between the two length measurements before and after each test.
The surface roughness was measured on both the machined rod surface and the hole surface after each test with a surface profilometer (Mitutoyo Surftest-402, Mitutoyo Corporation, Kanagawa, Japan). Figure 3 shows the machined rod and hole.
Experimental results
The results of experiments are presented and discussed in this section. Experimental data has been processed using the software called MICROCAL ORIGIN (Version 6, Microcal Software, Inc., One Roundhouse Plaza, Northampton, MA, USA). 
Effects on cutting force
Figure 4(a) shows the curves of cutting force versus number of holes for the four tools. It can be clearly observed that Tools 2 and 4 have the maximum and minimum cutting forces, respectively. Furthermore, the cutting forces for all the four tools do not change much as the number of holes increases. 
Diamond concentration
Figure 4(c) shows the effect of diamond concentration on cutting force. It can be seen that the cutting force is reduced significantly as the diamond concentration increases from 80 to 100.
Metal bond type
Figure 4(d) shows the relation between cutting force and metal bond type. It can be observed that the cutting force is lower for bond type B as compared to bond type C.
Effects on surface roughness of hole
Figure 5(a) shows the experimental data of surface roughness of hole versus number of holes for the four tools. It can be clearly observed that tools 1 and 4 produce the maximum and minimum surface roughness values of hole respectively. Large variation is observed while machining first few holes with tool 1. The surface roughness of hole for the other three tools remains relatively constant. 
Grit size
Figure 5(b) shows the effect of grit size on surface roughness of hole. It can be clearly observed that the surface roughness of hole is reduced significantly as the grit size changes from mesh #60/80 to 80/100. These results are consistent with the results stated by Li et al (2004a) and Pei et al (1995a-c) for RUM of ceramics. They reported that the surface roughness increases till an optimum value and then decreases as the grit size increases.
Diamond concentration
Figure 5(c) shows the graph of surface roughness of hole versus diamond concentration. As the diamond concentration increases from 80 to 100, the surface roughness of the hole increases. It is interesting to observe that these results are different from those reported by Li et al (2004a) and Pei et al (1995a-c) for RUM of ceramics. They reported that the surface roughness decreases with increasing diamond concentration.
Metal bond type
Figure 5(d) shows the effect of bond type on surface roughness of hole. It can be observed that surface roughness is higher for bond type B as compared to bond type C.
Effects on surface roughness of rod
Figure 6(a) shows the curves of surface roughness of rod versus number of holes for the four tools. It can be observed that Tools 2 and 4 produce the maximum and minimum surface roughness values of rod, respectively. Surface roughness of rod remains more or less constant for all the four tools as the number of holes increases.
Grit size
Figure 6(b) shows the effect of grit size on surface roughness of rod. The surface roughness reduces significantly when the grit size changes from 60/80 to 80/100. This finding is similar to the results stated by Li et al. (2004a) and Pei et al. (1995a-c) for RUM of ceramics.
Diamond concentration
Figure 6(c) shows the graph of surface roughness of rod versus diamond concentration. Surface roughness of rod increases significantly as the diamond concentration increases from 80 to 100. This result is different from those stated by Li et al. (2004a) and Pei et al. (1995a-c) for RUM of ceramics.
Metal bond type
Figure 6(d) shows the graph of surface roughness of rod versus types of metal bond. It can be observed that the surface roughness is lower for metal bond type B as compared to metal bond type C.
Effects on tool wear
Figure 7(a) shows the curves of cumulative tool wear versus number of holes for the four tools. It can be observed that Tools 2 and 3 have the maximum and minimum axial tool wear, respectively. 
Grit size
Figure 7(b) shows the effect of grit size on tool wear. The tool wear increases slightly as the grit size changes from mesh #60/80 to 80/100. This result is similar to the results reported by Li et al. (2004a) , Pei et al. (1995a-c) , Ferreira and Pei (1995) and Zeng et al. (2004a,b) for RUM of ceramics.
Diamond concentration
Figure 7(c) shows the graph of tool wear versus diamond concentration. The axial tool wear increases slightly as the diamond concentration increases from 80 to 100.
Metal bond type
Figure 7(d) shows the graph of tool wear versus types of metal bond. It is observed that the tool wear is lower for metal bond type B as compared to metal bond type C. Note that the effects of bond type on tool wear and on surface roughness are similar.
Conclusion
RUM of titanium alloy with four different tools has been studied. The effects of different tool variables (grit size, metal bond type and diamond concentration) on output variables (tool wear, cutting force, surface roughness) have been investigated. The following conclusions can be drawn from the study:
• The tool with grit size of mesh #60/80 gives higher cutting force and surface roughness but lower tool wear compared to the tool with grit size of mesh #80/100.
• The tool with lower diamond concentration (80) gives lower surface roughness and tool wear but higher cutting force compared to the tool with higher diamond concentration (100).
• The tool with bond type B gives lower cutting force, surface roughness for rod and tool wear but higher surface roughness for hole compared to the tool with bond type C.
